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Effect of systematics in the T2HK, T2HKK, and DUNE experiments
Monojit Ghosh∗ and Osamu Yasuda†
Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan
T2HK and T2HKK are the proposed extensions of the of T2K experiments in Japan and DUNE is the future
long-baseline program of Fermilab. All these three experiments will use extremely high beam power and large
detector volumes to observe neutrino oscillation. Because of the large statistics, these experiments will be
highly sensitive to systematics. Thus a small change in the systematics can cause a significant change in their
sensitivities. To understand this, we do a comparative study of T2HK, T2HKK and DUNE with respect to
their systematic errors. Specifically we study the effect of the systematics in the determination of neutrino
mass hierarchy, octant of the mixing angle θ23 and δCP in the standard three flavor scenario and also analyze
the role of systematic uncertainties in constraining the parameters of the nonstandard interactions in neutrino
propagation. Taking the overall systematics for signal and background normalization, we quantify how the
sensitivities of these experiments change if the systematics are varied from 1% to 7%.
PACS numbers: 14.60.Pq
I. INTRODUCTION
The phenomenon of neutrino oscillation suggests neutrinos
have mass and mixing. In standard three flavor, neutrino os-
cillations are described by three mixing angles i.e., θ12, θ13,
θ23, two mass squared differences i.e., ∆m
2
21, ∆m
2
31 and one
Dirac type CP phase i.e., δCP . Among these six parameters
at this moment the unknowns are: (i) the neutrino mass hi-
erarchy i.e., normal hierarchy (NH: ∆m231 > 0) or inverted
hierarchy (IH:∆m231 < 0), (ii) the octant of the mixing angle
θ23 i.e., lower octant (LO: θ23 < 45
◦) or higher octant (HO:
θ23 > 45
◦) and (iii) the CP phase δCP . As the appearance
channel probability, which gives the transition of νµ → νe
depends on all these three unknowns, in principle, the accel-
erator based long-baseline experiments can determine them
by studying the electron events at the far detector. Currently
running such kind of experiments are T2K [1] and NOνA [2].
The recent results of T2K shows a mild preference for normal
hierarchy, θ23 = 45
◦ and δCP = −90◦. On the other hand
the current NOνA results are in accordance with T2K regard-
ing the fit to the hierarchy and δCP but it excludes maximal
mixing at 2.6σ [3]. Note that at this moment the statistical
significance of these hints are very weak and one needs fur-
ther data to establish the true nature of these parameters on a
firm footing.
Due to comparatively shorter baselines, low beam power
and small detector sizes, the sensitivities of T2K and NOνA
are limited. The shorter baselines of T2K and NOνA restrict
them to have sensitivity only in the favorable parameter space
[4, 5]. These experiments also suffer from parameter degen-
eracy due to less matter effect [6, 7]. Even in the favorable
parameter space, these experiments cannot have much sen-
sitivity for their low statistics [8–15]. Thus it is the job of
the future high statistics long-baseline experiments to deter-
mine the remaining unknowns in the neutrino oscillation in
a conclusive manner. The example of such experiments are
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T2HK [16], T2HKK [17] and DUNE [18]. Due to smaller
baseline T2HK will not have much hierarchy sensitivity in the
unfavorable parameter space but it can have excellent sensi-
tivity in the favorable parameter space [19, 20]. Thus if na-
ture chooses a favorable value of the unknown parameters
then T2HK will be sufficient to determine them at a conclu-
sive level. Apart from establishing the true nature of the un-
known parameters in the standard three neutrino picture, these
future long-baseline experiments can also probe different new
physics scenarios like nonstandard interactions (NSI) in neu-
trino propagation [21–25]. NSI has caught a lot of attention
particularly because Ref. [26] pointed out that there is a ten-
sion between the mass-squared difference deduced from the
solar neutrino observations and the one from the KamLAND
experiment, and that the tension can be resolved by introduc-
ing the flavor-dependent NSI in neutrino propagation. Recent
studies of NSI in neutrino propagation for the long-baseline
experiments can be found in [27–49]. All these experiments
mentioned above will use high beam power and large detec-
tors. Thus it is easy to understand that these experiments will
be highly sensitive to the effect of the systematics. The sys-
tematic errors in the long-baseline experiments arise mainly
from the uncertainties related to fluxes and cross sections.
Studies of different sources of systematic uncertainties affect-
ing the measurement of neutrino oscillation parameters can
be found in Refs. [50–56]. Due to large number of event
sample at the far detector, a slight improvement in these sys-
tematic errors can improve sensitivity of these experiments
significantly. Thus it will be quite intriguing to see how the
sensitivity of these experiments to determine hierarchy, octant
and CP violation in the standard three flavor scenario as well
as to constrain the NSI parameters assuming the existence of
NSI in nature depends on the systematic error. Adopting a
very simplistic treatment 1, we express the systematic errors in
terms of an overall signal and background normalization and
present our results as function of the systematics for T2HK,
T2HKK and DUNE.
1 A detailed analysis of the systematics in long-baseline experiments can be
found in [57].
2The plan of the paper goes as follows. In the next section
we will discuss the experimental specification and simulation
details. We will also mention our treatment of the systematics
in that section. In Section III we will present the hierarchy,
octant and CP violation sensitivity of as a function of the sys-
tematic error in the standard three flavor scenario. In Section
IV, we give our results corresponding to nonstandard interac-
tions for different values of the systematic errors. Finally in
Section V we will summarize our results and give our conclu-
sions.
II. EXPERIMENTAL AND SIMULATION DETAILS
For our analysis we assume that under the T2HK project
the two water Cˇerenkov detector tanks each of fiducial mass
187 kt will be placed at the Kamioka site and for the T2HKK
experiment one of the tanks will be at the Kamioka and the
other in Korea. The neutrino source for both the setups is J-
PARC and the baseline lengths are 295 km for Kamioka and
1100 km for Korea. Depending on the locations in Korea, the
beam from J-PARC will reach the detector at different off-axis
angles. For the present work we consider the flux options of
2.5◦, 2.0◦ and 1.5◦. The off-axis angle for the Kamioka site
is 2.5◦. We have considered a beam power of 1.3 MW with a
total exposure of 27×1021 protons on target (pot). This corre-
sponds to a 10 year running of both the experiments. Follow-
ing the T2HKK report, we have divided this runtime in 1:3
for neutrino and antineutrino mode to compensate the lower
antineutrino cross sections [17]. We have matched our events
with the latest T2HKK report and our results are consistent
with their sensitivity [17]. For DUNE we use a beam power
of 1.2 MW leading to a total exposure of 10 × 1021 pot. We
assume a liquid argon detector of fiducial mass 40 kt. The
baseline for DUNE is 1300 km. We take the ratio to neutrino
and antineutrino run as 1:1. Our simulation results of DUNE
is consistent with [18]. We have used the GLoBES [58, 59]
and MonteCUBES [60] softwares to simulate all the above
experiments.
We estimate the sensitivity of each experiment in terms of
χ2. We calculate the statistical χ2 by comparing the true
events N true and test events N test using the following Pois-
son formula:
χ2stat =
∑
i
2
[
N testi −N truei −N truei log
(
N testi
N truei
)]
(1)
where the index i corresponds to the number of energy bins.
To incorporate the effect of the systematics, we deviate the
test events by
N testi → N testi
(
1 +
∑
k
cki ξk
)
(2)
where cki is the 1σ systematic error corresponding to the pull
variable ξk . Here the index k stands for number of pull vari-
ables. After modifying the events the combined statistical and
systematic χ2 is calculated as
χ2stat+sys = χ
2
stat +
∑
k
ξ2k (3)
The final χ2 is obtained by varying ξk from −3 to +3 corre-
sponding to their 3σ ranges and minimizing over ξk i.e.,
χ2 = min{ξk}
[
χ2stat+sys
]
(4)
For our analysis of the long-baseline experiments we take four
pull variables. These variables are: (i) signal normalization
error, (ii) signal tilt error, (iii) background normalization error
and (iv) background tilt error. The normalization error affect
the scaling of the events whereas the tilt error or the energy
calibration error affects the energy dependence of the events.
The tilt error is incorporated in our analysis by varying the test
events in the following way:
N testi → N testi
(
1 +
∑
k
cki ξk
Ei − Eav
Emax − Emin
)
(5)
where Ei is the energy in the i
th bin, Emin is the lower limit
of the full energy range, Emax is the higher limit of the full
energy range and Eav = 1/2(Emin + Emax). For simplic-
ity we have assumed that the systematic errors for neutrino
mode and for antineutrino mode are the same. For our simu-
lation we have fixed the tilt error to a constant value which is
10% for T2HK/T2HKK and 2.5% for DUNE corresponding
to all the channels. We do not vary these tilt pull variables in
our analysis 2. On the other hand the signal and background
normalization errors for T2HK, T2HKK and DUNE are con-
sidered as variables in our analysis. We have taken them to
be the same for both appearance and disappearance channel.
Thus a systematic uncertainty of x% implies, a signal and a
background normalization error of x% for both appearance
and disappearance channel.
Note that our treatment of the systematics is quite simplis-
tic. In the T2HKK report [17], they have considered a total
eight pull variables and the values are listed in Table V of the
report. In DUNE report the systematic uncertainty is taken as
2% normalization error in appearance channel with respect to
the normalization determined from the disappearance signal,
assumed to be known with 5% uncertainty [18].
III. RESULTS FOR STANDARD THREE FLAVOR CASE
In this section we will present the CP violation, hierarchy
and octant sensitivity of T2HK, T2HKK and DUNE as a func-
tion of the systematic errors. In generating these results the
parameters θ12, θ13, ∆m
2
21 and ∆m
2
31 are kept fixed close to
their best values as obtained in global fits [61–63] in both the
true and test spectrum. To ensure that the wrong hierarchy
minima occurs at a correct value, we have used the effective
formula∆m2µµ given by:
∆m231 = ∆m
2
µµ + (cos
2 θ12
− cos δCP sin θ13 sin 2θ12 tan θ23)∆m221 (6)
2 Note that the values for the tilt variables are chosen such that our simulation
results match with the sensitivities as reported in the collaboration papers.
Thus a variation of the pull variables can also affect the results significantly.
3This is because in the three-flavor scenario, the
hierarchy degeneracy does not correspond to
Pµµ(∆m
2
31) = Pµµ(−∆m231) but it occurs for
Pµµ(∆m
2
µµ) = Pµµ(−∆m2µµ) [64, 65]. For CP viola-
tion study we have taken the true θ23 = 45
◦ and marginalized
over θ23, δCP and hierarchy in the test. For hierarchy
sensitivity the true value of θ23 is 45
◦ and the true value of
δCP is ±90◦. In this case we have marginalized over θ23 and
δCP in the test. For octant sensitivity the true value of θ23 is
assumed to be 42◦ for the lower octant and 48◦ for the higher
octant. These values of θ23 are the closest to the best-fit
values as obtained by the global fits. The true value of δCP is
−90◦. For octant sensitivity we have marginalized over δCP
and hierarchy in the test.
A. CP Violation Sensitivity
CP violation (CPV) discovery potential of an experiment
is defined by its capability to distinguish a true value of δCP
other than 0◦ or 180◦. In Fig. 1, we have plotted the frac-
tion of the true δCP for which CPV can be discovered at 5σ
vs systematics. The left panel is for normal hierarchy and the
right panel is for inverted hierarchy. From the figures we see
that the CPV coverage of DUNE falls from 50% (55%) to 0%
(15%) when the systematics is varied from 1% to 7% for NH
(IH). For T2HK, the numbers are 50% (50%) to 5% (10%)
if the hierarchy is unknown and 75% (80%) to 15% (20%) if
hierarchy is known for NH (IH). For 2.5◦ off-axis configu-
ration of T2HKK, the sensitivity falls from 65% to 45% for
both the hierarchies. For 2.0◦ (1.5◦) off-axis configurations
it falls from 70% (75%) to 50% (50%) in both NH and IH.
Thus from these numbers we understand that the dependence
of the sensitivity of T2HK on the systematic errors is stronger
than that of T2HKK. This can be understood in the follow-
ing way. For T2HK the baseline length is small compared to
that of T2HKK. Now as the flux drops in proportion to 1/L2
(where L is the baseline length) T2HK has much larger event
samples at the detector than the T2HKK experiment does and
thus it is more sensitive to the systematic errors. From the fig-
ure we also see that when hierarchy is unknown then the solid
curve (T2HK) always lies below the T2HKK curves. This
is because of the presence of degeneracies which restrict the
CPV sensitivity of T2HK. However if the hierarchy is known
then we see that the CPV discovery sensitivity of T2HK is
better than the 2.5◦ configuration of T2HKK if the systemat-
ics is less than 4% and better than all the three configurations
of T2HKK if the systematics is less than 1% for both the hi-
erarchies. This is one of the most important findings of our
work. From the figures we also note that the CPV discovery
potential of DUNE is comparable to T2HK in NH and slightly
higher than T2HK in IH for all the values of systematic errors.
B. Hierarchy Sensitivity
The hierarchy sensitivity of an experiment is defined by its
capability to rule out the wrong hierarchy solutions. In Fig.
2, we have plotted the hierarchy sensitivity of T2HK, T2HKK
and DUNE vs the systematic error. The top row is for normal
hierarchy and the bottom row is for inverted hierarchy. In each
row the left panel is for δCP = −90◦ and the right panel is for
δCP = 90
◦. The horizontal thin solid line corresponds to 5σ
C.L. For determination of hierarchy, the favorable combina-
tions of δCP and hierarchy are {NH, −90◦} and {IH,+90◦}.
These combinations are favorable in determination of the hier-
archy because there are no degeneracy for these combinations.
On the other hand, the other two combinations {NH, 90◦} and
{IH, −90◦} are not favorable to determine the hierarchy be-
cause they suffers from degeneracy.
First let us discuss the hierarchy sensitivity for the unfavor-
able region (top right and bottom left panels). In these case
we see that all the curves are almost flat and does not vary
much with respect to the systematics. This is because the sen-
sitivity in the unfavorable parameter space are limited due to
the existence of parameter degeneracy and hence they are not
dominated by the systematics. From the plots we see that the
sensitivity of DUNE is slightly better than the 1.5◦ off-axis
configuration of T2HKK. The sensitivity of DUNE falls from
9σ to 7.5σ (8.5 σ to 7 σ) in NH (IH) as the systematics vary
from 1% to 7%. For the T2HKK configuration of 1.5◦ corre-
sponding sensitivities are 7.5 σ to 7 σ (6.5 σ to 6 σ) for NH
(IH). For the off-axis configurations 2.5◦ of T2HKK, the sen-
sitivity falls from 4.5 σ to 4σ (4 σ to 3 σ) in NH (IH). For
T2HKK configuration of 2.0◦ the numbers are 6 σ to 5 σ (5.5
σ to 4 σ) for NH (IH). Here we find that the sensitivity of
T2HK is the lowest for all the values of the systematics and it
remains close to 2σ for both the hierarchies.
For the favorable combinations (top left and bottom right
panels) we see that the sensitivity of DUNE is maximal among
all the setups for all the values of the systematics and the sen-
sitivity falls from 23σ (20 σ) to 14 σ (12 σ) for NH (IH) as
the systematics varies from 1% to 7%. For T2HK the numbers
are 9 σ to 3 σ for both the hierarchies. On the other hand for
1.5◦ (2.5◦ and 2.0◦) configurations of T2HKK, the sensitivity
falls from 9 σ to 7 σ (7 σ to 4 σ) in NH and 10 σ to 8 σ (7.5
σ to 4.5 σ) in IH. From the plots we also see that the sensi-
tivity of T2HK is better than the 2.0◦ and 2.5◦ configurations
of T2HKK if the systematics is less than 2% and for NH the
sensitivity of T2HK becomes comparable to 1.5◦ off axis con-
figurations of T2HKK if the systematics is less than 1%. This
is also one of the remarkable findings of our work. This also
shows that if nature choose the true hierarchy to be normal
and δCP = −90◦ then T2HK is sufficient to determine the
hierarchy sensitivity at 5 σ confidence level if the systematics
is less than 3.5%. In these plots we also see that the curves
corresponding to T2HK and DUNE are steeper than those for
T2HKK. As explained earlier, because of the large number
of event samples at the far detector, the effect of systematics
is more for T2HK as compared to T2HKK although both of
their sensitivities lies around 4σ to 8σ. On the other hand, the
large variation in the sensitivity of DUNE with respect to the
systematic errors are due to its large matter effect and higher
hierarchy sensitivity as compared to T2HK and T2HKK.
In all the panels of Fig. 2, we see that among the three con-
figurations of the T2HKK experiment, the hierarchy sensitiv-
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ity is best for 1.5◦ off-axis flux and as the detector is moved
to higher off-axis angles, the sensitivity decreases. This is be-
cause the 1.5◦ off-axis flux covers more of the first oscillation
maxima where the hierarchy sensitivity is maximum [20].
C. Octant Sensitivity
The octant sensitivity of an experiment is defined by its
capability to rule out the wrong octant solution. In Fig. 3
we have given the octant sensitivity of T2HK, T2HKK and
DUNE as a function of the systematics. The upper panels
are for normal hierarchy and the lower panels are for in-
verted hierarchy. In each row, the left panel corresponding
to LO and the right panel corresponds to HO. The horizontal
thin solid line corresponds to 5σ C.L. All the panels are for
δCP = −90◦. Although we have shown our results for only
δCP = −90◦, we have checked that the conclusion remains
the same for all the other values of δCP .
For the lower octant (top left and bottom left panels) we
see that if the systematics is less than 4% than the octant sen-
sitivity of the T2HK experiment is better than all the other
experiments. In this case the sensitivity of T2HK falls from
9σ to 4.5σ for both the hierarchies as the systematics varies
from 1% to 7%. The sensitivities of all the three configura-
tions of T2HKK are similar and the sensitivity falls from 7σ
to 4.5σ for both the hierarchies. Among all the experiments
sensitivity of DUNE is the lowest in NH and the sensitivity
varies from 7σ to 4.5σ for both the hierarchies. In these plots
we see that the dependence of sensitivities on the systematic
errors are similar for T2HKK and DUNE whereas the curves
for T2HK are steeper than T2HKK and DUNE. This is be-
cause unlike the hierarchy sensitivity, the octant sensitivity of
T2HKK and DUNE are similar. On the other hand due to the
larger event sample of T2HK, the octant sensitivity of T2HK
is greater than T2HKK and DUNE and thus more affected by
the systematic uncertainties.
Now lets discuss the sensitivities for HO (top right and bot-
tom right panels). In these case we see that except T2HK in
NH, the slope of all the curves are almost equal. This can be
understood in the following way. In general the octant sensi-
tivity in HO is poorer than the LO as the denominator in the
χ2 for HO is higher than LO. Thus it is natural that the effect
of systematics will be less in HO as compared to LO. In this
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7case the sensitivity of T2HK is the best among all the other se-
tups for almost any value of the systematics in NH (thus more
affected by systematics) and in IH the sensitivity of T2HK
is the same as that of all the three configurations of T2HKK
and DUNE (thus the sensitivity of the all five setups depends
similarly on systematics). Here the sensitivity falls from 6.5σ
to 3σ for NH as the systematics varies from 1% to 7%. The
dependence of the systematics for all the three configurations
of T2HKK is almost the same and they vary from 5% to 4%
for both the hierarchies. For NH, the sensitivity of DUNE is
worse than all the other setups for any value of the systematics
and it varies from 5σ to 3σ.
IV. RESULTS FOR NSI
In this section we will study the effect of the systematics
error in constraining the NSI parameters. The nonstandard in-
teraction in neutrino propagation can arise from the following
four-fermion interaction:
LNSIeff = −2
√
2 ǫff
′P
αβ GF (ναLγµνβL)
(
fP γ
µf ′P
)
, (7)
where fP and f
′
P correspond to fermions with chirality P ,
ǫff
′P
αβ is a dimensionless constant and GF is the Fermi cou-
pling constant. In the presence of NSI the MSW matter po-
tential takes the following form:
A ≡
√
2GFNe

 1 + ǫee ǫeµ ǫeτǫµe ǫµµ ǫµτ
ǫτe ǫτµ ǫττ

 , (8)
where ǫαβ is defined by
ǫαβ ≡
∑
f=e,u,d
Nf
Ne
ǫfαβ . (9)
Nf (f = e, u, d) is the number densities of fermions f . Here
we defined the NSI parameters as ǫfPαβ ≡ ǫffPαβ and ǫfαβ ≡
ǫfLαβ + ǫ
fR
αβ . The present 90% bounds of the NSI parameters
are given by [67, 68]
 |ǫee| < 4× 100 |ǫeµ| < 3× 10−1 |ǫeτ | < 3× 100|ǫµµ| < 7× 10−2 |ǫµτ | < 3× 10−1
|ǫττ | < 2× 101

 .(10)
Thus we understand that the bounds on ǫαµ where α = e, µ,
τ are stronger than the ǫee, ǫeτ and ǫττ . One additional bound
comes from the high-energy atmospheric data which relates
the parameters ǫττ and ǫeτ as [69, 70]
ǫττ ≃ |ǫeτ |
2
1 + ǫee
. (11)
In Ref. [71] it was shown that, in the high-energy behavior of
the disappearance oscillation probability
1− P (νµ → νµ)
≃ c0 + c1∆m
2
31/2E√
2GFNe
+O
[(
∆m231/2E√
2GFNe
)2]
, (12)
in the presence of the matter potential (8), |c0| ≪ 1 and
|c1| ≪ 1 imply |ǫeµ| ≪ 1, |ǫµµ| ≪ 1, |ǫµτ | ≪ 1 and
|ǫττ − |ǫeτ |2/ (1 + ǫee) | ≪ 1. In deriving Eq. (12), it is as-
sumed that |1+ǫee| is not very small. 1+ǫee = 0 is the abnor-
mal region where the e−e component of the matter effect van-
ishes [48], and the approximation (11) becomes invalid only
in the neighborhood of 1 + ǫee = 0. As is explained in Ap-
pendix A in Ref. [72], the region 1 + ǫee = 0 corresponds to
the one ǫD = 1/6 in the parametrization of the solar neutrino
analysis [26]. The result in Ref. [26] shows that the region
near ǫD = 1/6 is excluded by the solar neutrino and Kam-
LAND data at more than 3σ. The region in which the ansatz
(11) may not be a good approximation is therefore excluded
by the solar neutrino and KamLAND data, so Eq. (11) can be
justified by implicitly assuming the prior from the analysis of
the solar neutrino and KamLAND data.3 Furthermore, from
the Super-Kamiokande data [66], we get∣∣∣∣ ǫeτ1 + ǫee
∣∣∣∣ . 0.8 at 3σ . (13)
Keeping these facts in mind, we perform our analysis with the
following ansatz:
A =
√
2GFNe

 1 + ǫee 0 ǫeτ0 0 0
ǫ∗eτ 0 |ǫeτ |2/(1 + ǫee)

 . (14)
Thus the free parameters are ǫee, |ǫeτ | and arg(ǫeτ) = φ31.
Note that in our earlier work, we have studied the sensitiv-
ity of the T2HKK experiment to the nonstandard interactions
in a similar fashion [49]. But at that time, the experimental
details for the various T2HKK setups were not available and
thus we have used the T2HK setup of [16] and scaled those
events at 1100 km. But in the present analysis, we have used
the configurations of the T2HKK as outlined in [17]. In the
previous work the ratio of the neutrino and antineutrino run
was 1:1 but in the present analysis, we have taken the ratio to
be 1:3 following the T2HKK report. But the major difference
of the present work as compared to the earlier work lies in the
fact that, here we have presented our results for four different
sets of systematic errors while in the previous work only one
set of systematic errors was considered.
A. Constraining the NSI parameters
In Fig. 4, we have plotted the sensitivity for the NSI param-
eters for different four values of the systematic errors in the ǫee
(test) vs |ǫeτ | (test) plane. The true values of both the param-
eters are zero. Thus this plots describes the potential of these
3 In Ref. [66] is was concluded that the best-fit point in the (ǫee, |ǫeτ |)
plane is given by (-1.0,0.0) using the Superkamiokande atmospheric neu-
trino data for 4438 days. However, the allowed region within 2σ is quite
wide in the result of Ref. [66] because the analysis is based on the energy
rate only, as the energy spectrum information is not available. Hence the
the best-fit value (ǫee, |ǫeτ |) = (-1.0,0.0) is only a qualitative estimate.
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FIG. 5. Sensitivity to the CP phases for four values of the systematic errors. Left column is for NH and right column is for IH. First three rows
correspond to the 2.5◦, 2.0◦ and 1.5◦ off-axis configurations for T2HKK respectively. The fourth row is for DUNE. For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.
9future beam-based experiments to put bounds on the NSI pa-
rameters. The true value of δCP is taken as −90◦ and the true
value of φ31 is zero. Both the parameters are marginalized
over in the test. The true value of θ23 is 45
◦ and this param-
eter is marginalized over in the test. The parameters θ13, θ12,
∆m221 and∆m
2
31 are kept fixed in both the true and test spec-
trums. Hierarchy is assumed to be known for these plots. The
left (right) column of Fig. 4 corresponds to NH (IH). The first
three rows correspond to the 2.5◦, 2.0◦ and 1.5◦ off-axis con-
figurations of T2HKK respectively and the fourth row is for
DUNE. In each panel the back solid curve correspond to the
bound |ǫeτ/(1 + ǫee)| . 0.8 at 3σ.
From the figure we see that for the setups (OA 2.5, NH) and
(OA 1.5, NH), the sensitivities corresponding to the 1% and
3% systematic uncertainties are similar so as the sensitivities
corresponding to 5% and 7%. An improvement of the system-
atics from 5% to 3% improves the sensitivity significantly. For
(OA 2.5, IH) the sensitivity for all the four cases of the system-
atic uncertainties are similar. Thus in this case the systematic
uncertainties does not play a significant role. For (OA 2.0,
NH) and (DUNE, NH) the sensitivity for the NSI parameters
gets improved as the systematics errors are lowered from 7%
to 1%. For (OA 2.0, IH), (OA 1.5, IH) and (DUNE, IH) the
sensitivity corresponding to the 1%, 3% and 5% systematic
errors are similar. Among the three setups of T2HKK exper-
iment, the configuration with 1.5◦ off-axis flux, covers max-
imum area in the probability spectrum in the higher energy
region and the configuration with 2.5◦ covers the minimum
area in the probability spectrum in the lower energy region.
For this reason the capability of constraining the NSI parame-
ters is maximum for 1.5◦ off-axis configuration and minimum
for 2.5◦ off-axis configuration. For similar reason, the effect
of systematics in 1.5◦ off-axis configuration is more as com-
pared to the other two setups of T2HKK.
B. Constraining the CP phases
In Fig. 5, we have plotted the 90% C.L contours in the
δCP (test) - φ31 (test) plane for four values of the systematic
errors for a true value of δCP = −90◦ and φ31 = 0◦. For
these plots we have considered the true values of ǫee = 0.8
and |ǫeτ | = 0.2 and they are marginalized over in the test.
Thus these figures corresponding to capability of these future
baseline long-baseline experiments to constrain the CP phases
assuming NSI exists in nature. The parameter θ23 is 45
◦ in
the true spectrum and marginalized over in the test. As for
the earlier case θ13, θ12, ∆m
2
21 and ∆m
2
31 are kept fixed in
both the true and test spectrums. Hierarchy is assumed to be
known in all the panels. The left column is for NH and right
column is for IH. The first three rows corresponds to the 2.5◦,
2.0◦ and 1.5◦ off-axis configurations of T2HKK respectively.
The fourth row is for DUNE. In each panels the ‘+’ symbol
signifies the true values of δCP and φ31.
From the plots we see the following. For the setups (OA
2.5, NH), (OA 1.5, NH) and (OA 1.5, IH) the sensitivities cor-
responding to the 1% and 3% systematic errors are similar so
the sensitivities of 5% and 7%. A reduction of the system-
atics from 5% to 3% causes a significant improvement in the
sensitivity. For the setup (OA 2.5, IH), the systematic uncer-
tainties does not play any role for the sensitivity as the result
is similar for all the four values of the systematic errors. For
(OA 2.0, NH), (DUNE, NH) and (DUNE, IH) the sensitiv-
ity is similar for the systematic uncertainties of 1%, 3% and
5%. On the other hand for the setup (OA 2.0, IH), the sensi-
tivity corresponding to 3%, 5% and 7% are quite similar. As
explained earlier, the capability of 1.5◦ off-axis configuration
in constraining the CP phases is better among the other two
setups of T2HKK.
V. CONCLUSION
In this paper we have done a comparative study of T2HK,
T2HKK and DUNE in the standard three flavor scenario and
the case with new physics with respect to the systematic er-
rors. In the standard oscillation case we have studied the ef-
fect of the systematics in determining the unknowns in the
neutrino oscillation sector i.e., neutrino mass hierarchy, octant
of the mixing angle θ23 and CP violation. As a probe of new
physics we have analyzed the role of the systematic uncertain-
ties in constraining the parameters of the nonstandard interac-
tions in the neutrino propagation. In our analysis we have
taken four pull variables which are (i) signal normalization,
(ii) background normalization, (iii) signal tilt and (iv) back-
ground tilt. We have fixed the tilt errors to a constant value and
presented our results as a function of the normalization errors.
The normalization errors corresponding to signal and back-
ground are considered to be equal to each other in our treat-
ment. Note that our method of incorporating the systematic
errors are quite simplistic in the sense that instead of consider-
ing the pull variables for each source of systematics as in [17],
we have considered a single pull variable corresponding to an
overall normalization factor. But still the results discussed in
this work provide an useful guidance on how the sensitivity of
various experiments may depend on the achieved systematic
uncertainties. We find that the variation of the sensitivity with
respect to the systematic errors depends on the nature of the
true parameter space. For a given set of the true parameters, if
the sensitivity of a particular experiment is very high, then its
sensitivity varies much more with respect to their systematic
errors. Our results also show that the variation of the sensitiv-
ity of the T2HK experiment is larger compared to that for the
T2HKK setup in the standard oscillation scenario. The major
findings of our work are: (i) If hierarchy is known, then T2HK
can have the best CPV discovery sensitivity among all the se-
tups considered in this analysis if the systematics are reduced
to within 1%. The CPV discovery potential of T2HK is poor
because of the lack of information of mass hierarchy/matter
effect. On the other hand, placing a detector at a longer dis-
tance may affect the CP sensitivity because of the reduction
in statistics. Thus, if the information of mass hierarchy comes
from a different experiment like DUNE, then our results es-
tablish the fact that placing both the detectors at 295 km can
give the better CP sensitivity than keeping one detector at 295
km and the other at 1100 km, if the systematics are reduced
10
to 1%. (ii) For the favorable combinations of the true hierar-
chy and the true δCP , the hierarchy sensitivity of T2HK will
be comparable to the 1.5◦ off-axis configuration of T2HKK if
the systematics is 1% and the true hierarchy is normal. But
among all the setups, the best hierarchy sensitivity will come
for DUNE for any value of systematic errors for this favor-
able parameter space. For the unfavorable parameter space,
the hierarchy sensitivities are almost constant when the sys-
tematic error is varied but still the best sensitivity comes from
the DUNE experiment. (iii) Regarding the octant sensitivity,
we find that if nature chooses the lower octant, then T2HK
will give the best octant sensitivity among all the setups if sys-
tematic error is less than 4% and in the case of the true higher
octant, the sensitivity of T2HK is always the best for all the
values of the systematics for NH. On the other hand, in the
study of the dependence of the sensitivity to the NSI parame-
ters on systematic errors, we find that different setups respond
differently for various values of systematic errors. Our major
findings are: (i) Apart from the 2.0◦ off-axis configuration in
IH i.e., (OA 2.0, IH), capabilities of all the setups are sensitive
to systematic errors. (ii) The capability of (OA 2.0, NH) and
(DUNE, NH) in constraining ǫee and |ǫeτ | gets chronologi-
cally improved as the systematics is reduced from 7% to 1%.
(iii) For the other setups, the sensitivities corresponding to the
1% and 3% systematics errors are similar in constraining ǫee
and |ǫeτ |. (iv) In constraining the CP phases, except (OA 2.0,
IH), lowering systematic uncertainty below 3% would not re-
sult in a significant improvement in the achieved sensitivity.
Thus from the above discussion, we understand that measure-
ment of the systematics plays an important role in the sensi-
tivity reach of the future high statistics long-baseline experi-
ments. Depending on the value of the systematics, the sensi-
tivity of one experiment can be better than others. Thus the
results shown in this work can serve as a guidance for much
more realistic studies by experimental groups in planning the
future generation long-baseline experiments.
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